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Summary
Messenger RNAs (mRNAs) that contain premature
translation termination codons (PTCs) are targeted
for rapid degradation in all eukaryotes tested. The
mechanisms of nonsense-mediated mRNA decay
(NMD) have been described in considerable detail [1,
2], but the biological roles of NMD in wild-type organ-
isms are poorly understood. mRNAs of wild-type or-
ganisms known to be degraded by NMD (“natural
targets” of NMD) include by-products of regulated al-
ternative splicing [3–6], out-of-frame mRNAs derived
from unproductive gene rearrangements [7, 8], cyto-
plasmic pre-mRNAs [9, 10], endogenous retroviral
and transposon RNAs [11], and mRNAs having up-
stream open reading frames or other unusual se-
quence features [11–14]. NMD may function to elimi-
nate aberrant PTC-containing mRNAs in order to
protect cells from expression of potentially deleteri-
ous truncated proteins [15, 16]. Pseudogenes are
nonfunctional genes or gene fragments that accumu-
late mutations through genetic drift [17]. Such muta-
tions will often introduce shifts of reading frame and/
or PTCs, and mRNAs of expressed pseudogenes may
thus be substrates of NMD [18]. We demonstrate that
mRNAs expressed from C. elegans pseudogenes are
degraded by NMD and discuss possible implications
for both mRNA surveillance and protein evolution. We
describe an expressed pseudogene that encodes a
small nucleolar RNA (snoRNA) within an intron and
suggest this represents an evolutionary intermediate
between snoRNA-encoding host genes that do or do
not encode proteins.
Results and Discussion
Loss-of-function mutations affecting any of seven
Caenorhabditis elegans smg genes reduce or elimi-
nate nonsense-mediated mRNA decay (NMD) [15, 19].
smg(−) mutants are viable, but they exhibit certain mor-
phological abnormalities [20] and have brood sizes re-
duced by about one-third compared to those of wild-
type C. elegans [16]. smg(−) mutations stabilize most
tested premature translation termination codon (PTC)-
containing mRNAs, including those caused by germline
mutation [15] and those arising naturally as unprod-
uctively spliced mRNAs [3, 4]. We investigated mRNAs
whose abundance is elevated in smg(−) mutants by*Correspondence: andersn@wisc.edu
1Present address: Department of Microbiology and Immunology,
University of California, San Francisco, San Francisco, California
94143-2200.using a subtractive hybridization screen [4] and iden-
tified sequences of cosmid F45D11. This cosmid con-
tains a complex of six related genes and pseudogenes
(Figure 1). Each of three functional genes (F45D11.14,
F45D11.15, and F45D11.16) is adjacent to a related
pseudogene (F45D11.4, F45D11.3, and F45D11.2, re-
spectively) containing multiple reading-frame disrup-
tions. The current gene complex is derived from a re-
cent triplication of a gene/pseudogene pair and contains
three head-to-tail tandem repeats that are more than
99.7% identical to each other. The three pseudogene
mRNAs and their putative promoters are identical to
each other, as are the three gene mRNAs and their pu-
tative promoters. Each functional gene encodes a pro-
tein of 508 amino acids, whereas each pseudogene
contains a PTC in exon 1 at codon 22. Analysis of
F45D11 steady-state mRNAs is shown in Figure 2.
Whereas mRNAs of the three functional genes are not
significantly altered in smg(−) backgrounds, mRNAs of
the three pseudogenes are at least 15-fold more abun-
dant in either smg-1(−) or smg-2(−) mutants (Figures 2A
and 2D). Thus, NMD destabilizes F45D11 pseudogene
mRNAs, presumably through recognition of their PTCs.
ubq-3ps and ubq-4ps (“ps” indicates pseudogene)
are similar to each other (76% nucleotide identity out-
side of a 93 nucleotide deletion in ubq-4ps) and are
related to the polyubiquitin gene family. Analysis of
both ubq-3ps and ubq-4ps mRNAs by reverse-tran-
scriptase polymerase chain reaction (RT-PCR) reveals
a PTC interrupting the polyubiquitin coding sequence
(Figure 2B). These pseudogenes are unlikely to express
functional products because the truncated proteins
they encode do not contain any full-length ubiquitin do-
mains. Both ubq-3ps and ubq-4ps express mRNAs that
are targets of NMD. The amounts of ubq-3ps and ubq-
4ps mRNAs are increased approximately 5-fold and
more than 20-fold, respectively, in smg(−) mutants (Fig-
ures 2B and 2D). The abundance of ubq-1 mRNA, a
related and functional member of the polyubiquitin
gene family, is unchanged in smg(−) mutants (Figures
2B and 2D). Interestingly, the ubq-3ps termination co-
don falls within the final exon. Although the presence
of downstream introns is a major determinant by which
PTCs are distinguished from normal termination co-
dons in mammals [21], sequence elements other than
downstream introns can trigger NMD in both nema-
todes [15] and mammals [22, 23].
cbp-2ps is a pseudogene that arose as a displaced
partial duplication of cbp-1, which encodes a cyclic
AMP response element binding protein (CREB) binding
protein. cbp-2ps derives from internal fragments of
cbp-1 and, therefore, lacks the cbp-1 promoter. cbp-
2ps nevertheless expresses mRNA, presumably from a
promoter flanking its site of integration. Translation of
cbp-2ps mRNA is predicted to initiate at an internal
AUG start codon of the ancestral cbp-1 gene and to
terminate six nucleotides upstream of the final intron.
Northern blots demonstrate that the abundance of
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Black and white boxes represent protein-coding and noncoding
u
exon sequences, respectively. Horizontal arrowheads represent the
s
directions of transcription. Frameshift mutations within the an-
u
cestral pseudogene are shown as vertical bars, and a 647 bp in-
ternal deletion is indicated by dashed lines. The scale bar refers to
the bottom line of the diagram. Pseudogene intron/exon structures n
were determined by RT-PCR.
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scbp-1 mRNA is unchanged in smg(−) mutants, but the
quantity of cbp-2ps mRNA is increased approximately d
r6-fold (Figures 2C and 2D).
rpl-7aps is a pseudogene derived from rpl-7a, which m
mencodes ribosomal protein L7a. The nucleotide coding
sequence of rpl-7aps is 97% identical to that of rpl-7a,
ebut it is interrupted by a PTC at codon position 132 of
266. We demonstrated previously that rpl-7a is regu- o
tlated by alternative splicing and expresses both “prod-
uctively” and “unproductively” spliced mRNAs [4]. Un- d
cproductively spliced mRNAs retain a portion of the third
intron and are natural targets of NMD. Because of their nucleolar RNA (snoRNA). Because NMD occurs after
Figure 2. smg(−) Mutations Stabilize Pseu-
dogene mRNAs
Representative Northern blots of polyadeny-
lated mRNAs were probed for eft-3 (elonga-
tion factor 1α) as a loading control and one
of several related genes or pseudogenes.
Coding sequences and untranslated regions
(or the pseudogene sequences derived from
them) are shown as boxes and terminal lines,
respectively. Introns, determined by cDNA
analysis, are shown as internal lines. Open
reading frames, beginning with the first AUG
start codon and ending with the first in-
frame termination codon, are shaded black.
Gray regions represent the alignment of sim-
ilar sequences.
(A) Northern blot probed for the three iden-
tical mRNAs arising from the F45D11 family
of pseudogenes (lower band). This probe
cross-hybridizes with mRNAs from the re-
lated family of genes (upper band).
(B) Northern blots probed with sequences
specific to either a polyubiquitin gene (ubq-1)
or one of two polyubiquitin pseudogenes
(ubq-3ps and ubq-4ps).
(C) Northern blots probed for either cbp-1 or
cbp-2ps mRNA.
(D) Quantification of Northern-blot data. The hybridization signals of gene and pseudogene mRNAs were normalized to those of eft-3. The
signal observed in wild-type was defined as 1.0, and relative signals observed in two different smg mutants are indicated.early identical sequences, rpl-7aps and rpl-7a mRNAs
re indistinguishable on Northern blots, but their RT-
CR products can be distinguished by a SalI restriction
ite specific to rpl-7a. We used this restriction site to
istinguish RT-PCR products derived from rpl-7a and
pl-7aps (Figure 3). rpl-7aps is alternatively spliced in a
anner similar to rpl-7a, but unlike rpl-7a, both of its
RNA products are degraded by NMD (Figure 3).
Although rpl-7aps is nonfunctional with respect to
xpression of RPL-7A protein, it likely retains another
f its ancestral functions. We demonstrated previously
hat the second intron of rpl-7a is processed to pro-
uce a small RNA [4]. Sequence analysis of this non-
oding RNA indicates that it is a box H/ACA smalligure 3. mRNA Surveillance of rpl-7aps mRNAs
iagrams depict alternative splicing of the third intron of rpl-7a and
pl-7aps pre-mRNAs. Black and white boxes represent coding and
oncoding sequences, respectively, and gray boxes represent se-
uences that are either coding or noncoding, depending on the
plice variant. “SalI” designates a restriction site specific to rpl-7a;
PTC” designates a premature termination codon. RT-PCR prod-
cts from rpl-7a and rpl-7aps were treated with SalI. Productively
pliced rpl-7a mRNA serves as an internal control because it is
naffected by smg(−) mutations [4].
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Pseudogenes may be transcribed long after
they have lost function. Expressed pseu-
dogenes will be constrained to avoid the
production of disruptive proteins. Once a
pseudogene acquires a PTC, however, it will
be targeted by mRNA surveillance, reducing
its expression and relaxing these con-
straints. Accumulated mutations will eventu-
ally lead to promoter inactivation and se-
quence degeneration, but may occasionally
give rise to new functional proteins or pro-
tein domains.splicing [24] and because snoRNAs are often pro-
cessed from excised introns [25], instability of rpl-
7aps mRNA should not interfere with expression of a
snoRNA encoded in its intron. We investigated whether
rpl-7aps encodes a snoRNA, and, interestingly, it does.
Using an unbiased RT-PCR cloning strategy that identi-
fies snoRNAs derived from both rpl-7a and rpl-7aps,
we generated 12 snoRNA clones. Ten were encoded by
rpl-7a and two by rpl-7aps (see Experimental Pro-
cedures). Thus, a low but significant proportion of rpl-
7a-related snoRNA derives from rpl-7aps. The abun-
dance of rpl-7aps-encoded snoRNA is consistent with
the relative abundance of rpl-7aps and rpl-7a pre-
mRNAs, as inferred from mRNA levels in smg(−) back-
grounds (Figure 3). Whether rpl-7aps and rpl-7a sno-
RNAs are functionally interchangeable is unknown, but
they differ at only four of their 222 nucleotides and have
the same 5# and 3# termini.
These results suggest that expressed pseudogenes
might persist as hosts for functional small RNAs, even
though accumulated mutations have eliminated their
protein-coding potential. Several Drosophila snoRNA
host genes do not encode proteins, and their mRNAs
may be targets of NMD [25]. Perhaps such host genes
once encoded functional proteins but are now pseu-
dogenes that have drifted to such an extent that their
relationships to functional protein-encoding paralogs
are no longer apparent [25]. rpl-7aps may be an early
intermediate in this process, having lost its protein-
coding potential sufficiently recently that its origin as a
duplication is still evident. Whether rpl-7aps persists as
a snoRNA host gene depends on whether its encoded
snoRNA is functionally distinct from that encoded by
rpl7a and whether rpl-7a or rpl-7aps first suffers a
snoRNA-inactivating mutation.
Pseudogenes are remarkably abundant in many ge-
nomes [26]. The number of pseudogenes in C. elegans,
for example, is estimated to be 6%–12% that of func-
tional genes [27]. Pseudogenes that express truncated
proteins have the potential to interfere with functions of
the genes from which they derive. We suggest that
mRNA surveillance protects cells from such disruptive
proteins by degrading pseudogene mRNAs. Such a role
is analogous to the protective role NMD plays in mask-
ing the dominant phenotypes of many heritable muta-
tions [16, 28].
Pseudogenes derived from complete gene duplica-
tions (such as the F45D11 complex) and those derived
by inactivation of nonduplicated genes will continue toexpress mRNA until their promoters are inactivated by
mutation. Processed pseudogenes, which arise from
reverse transcription and genomic integration of ex-
pressed RNAs, and pseudogenes derived by duplica-
tions lacking a promoter (such as cbp-2ps) can express
mRNAs provided they insert within transcribed regions.
Processed pseudogenes are rare in C. elegans [27], but
they are common in other organisms, including hu-
mans, where they comprise w70% of the estimated
w20,000 pseudogenes [29]. Transcription of mamma-
lian processed pseudogenes driven by unrelated pro-
moters has been demonstrated [17] and might provide
a substantial source of targets for mRNA surveillance in
mammals. Processed pseudogenes are intronless and
might be inefficient targets of NMD. Downstream se-
quences other than introns, however, can trigger NMD
in mammals [22, 23]. Thus, the contribution of pro-
cessed mammalian pseudogenes to the total pool of
NMD substrates is uncertain.
Although expressed pseudogenes are not constrained
to produce functional proteins, they are likely constrained
to avoid expression of disruptive proteins or protein
fragments. The vast majority of pseudogenes are evolv-
ing neutrally, but some exhibit unexpected evolutionary
constraints [30]. We suggest that NMD reduces the dis-
ruptive effects of expressed pseudogenes, thereby al-
lowing them to drift and to persist within genomes for
longer periods of time (Figure 4). Pseudogenes can, on
rare occasion, contribute sequence information to
functional genes [31]. Evolution of functional genes,
which are under selection, is limited by the requirement
that intermediate forms retain function. This limitation
might be circumvented by sampling the sequence in-
formation of pseudogenes, whose coding potential
drifts without such constraints [26]. By allowing pseu-
dogenes to persist without deleterious effect, NMD
may contribute to such processes.
Experimental Procedures
Nematode Strains
C. elegans nematodes were grown as described [4]. Strains used
were N2 (wild-type), smg-1(r861), and smg-2(r908).
Identification and Characterization of Candidate Pseudogenes
The F45D11 family of pseudogenes was identified in a subtractive
hybridization screen for mRNAs upregulated in a smg-2(−) back-
ground [4]. ubq-4ps (F52C6.4) and cbp-2ps (F40F12.7) were iden-
tified from a public database of annotated C. elegans sequences
(http://www.wormbase.org). Alignments with functional homologs
and identification of inactivating mutations confirmed these se-
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identified on the basis of their similarities to ubq-4ps and rpl-7a,
respectively.
Spliced pseudogene mRNAs were defined by RT-PCR analyses
and differ from WormBase predictions. RNAs were reverse tran-
scribed with SuperScript (GibcoBRL) and amplified by PCR. Analy-
sis of 3# ends was performed as described [32]. For analysis of 5#
ends, cDNAs were amplified with oligonucleotide primers of trans-
spliced leader RNAs SL1 (F45D11 pseudogenes, cbp-2ps and ubq-
4ps) or SL2 (ubq-3ps). Northern blots were probed as previously
described [4].
rpl-7a and rpl-7aps cDNAs were amplified together via a pair of
primer sequences found in both the gene and the pseudogene. RT-
PCR products were resolved by electrophoresis on 2% NuSieve
13:1 agarose gels (BMA) stained with ethidium bromide after cleav-
age of rpl-7a products with SalI (New England Biolabs [NEB]).
Cloning of snoRNAs 1
To identify both rpl-7a and rpl-7aps snoRNAs, we ligated the 5#
monophosphate ends of intron-encoded snoRNAs to the 3# ends
of 18S rRNA by treatment of total RNA extracts with T4 RNA ligase
(NEB). snoRNAs were reverse transcribed with a primer common to 1
both rpl-7a and rpl-7aps (5#-GGCATCTCAAATAGCGGTAG-3#), and
cDNAs were amplified with the reverse transcription primer and a
forward primer specific to the 3# end of 18S rRNA. Products were
cloned into pGEM-T vector (Promega) and sequenced.
To analyze the 5# and 3# processing of rpl-7aps snoRNA, we cir- 1
cularized snoRNAs by treatment of total RNA extracts with T4 RNA
ligase and reverse transcribed them as described above. Reverse
transcription of circular RNAs resulted in cDNA concatemers, 1
which were amplified by PCR with an rpl-7aps-specific reverse
primer (5#-TTGGTATACGACAAGGTGGAC-3#) and a forward primer
common to rpl-7a (5#-CGGGCTGGATTGCATATTCC-3#). Amplified 1
concatemers were cleaved into single units with MboI (NEB), which
recognizes a site in the snoRNA cDNA, cloned into pBluescript II 1
KS(+) (Stratagene), and sequenced.
1
Acknowledgments
1
We thank E. Haag and J. Parvaz for critical reading of the manu-
script; A. Grimson for many helpful discussions; and D. Markwardt
for sharing unpublished results. This work was supported by a re-
1search grant from the National Institutes of Health (GM50933) and
a Predoctoral Graduate Fellowship from the National Science
Foundation.
2
Received: February 17, 2005
2Revised: April 15, 2005
Accepted: April 19, 2005
Published: May 24, 2005
2
References
1. Maquat, L.E. (2004). Nonsense-mediated mRNA decay: Splic- 2
ing, translation and mRNP dynamics. Nat. Rev. Mol. Cell Biol.
5, 89–99.
2. Wormington, M. (2003). Zero tolerance for nonsense: Non-
sense-mediated mRNA decay uses multiple degradation path- 2
ways. Mol. Cell 12, 536–538.
3. Morrison, M., Harris, K.S., and Roth, M.B. (1997). smg mutants
affect the expression of alternatively spliced SR protein
mRNAs in Caenorhabditis elegans. Proc. Natl. Acad. Sci. USA 2
94, 9782–9785.
4. Mitrovich, Q.M., and Anderson, P. (2000). Unproductively
spliced ribosomal protein mRNAs are natural targets of mRNA 2
surveillance in C. elegans. Genes Dev. 14, 2173–2184.
5. Sureau, A., Gattoni, R., Dooghe, Y., Stevenin, J., and Soret, J.
(2001). SC35 autoregulates its expression by promoting splic- 2
ing events that destabilize its mRNAs. EMBO J. 20, 1785–1796.
6. Staiger, D., Zecca, L., Kirk, D.A., Apel, K., and Eckstein, L.
(2003). The circadian clock regulated RNA-binding proteinAtGRP7 autoregulates its expression by influencing alternative
splicing of its own pre-mRNA. Plant J. 33, 361–371.
7. Baumann, B., Potash, M.J., and Kohler, G. (1985). Conse-
quences of frameshift mutations at the immunoglobulin heavy
chain locus of the mouse. EMBO J. 4, 351–359.
8. Carter, M.S., Doskow, J., Morris, P., Li, S., Nhim, R.P., Sand-
stedt, S., and Wilkinson, M.F. (1995). A regulatory mechanism
that detects premature nonsense codons in T-cell receptor
transcripts in vivo is reversed by protein synthesis inhibitors
in vitro. J. Biol. Chem. 270, 28995–29003.
9. He, F., Peltz, S.W., Donahue, J.L., Rosbash, M., and Jacobson,
A. (1993). Stabilization and ribosome association of unspliced
pre-mRNAs in a yeast upf1- mutant. Proc. Natl. Acad. Sci. USA
90, 7034–7038.
0. Li, Z., Paulovich, A.G., and Woolford, J.L., Jr. (1995). Feedback
inhibition of the yeast ribosomal protein gene CRY2 is medi-
ated by the nucleotide sequence and secondary structure of
CRY2 pre-mRNA. Mol. Cell. Biol. 15, 6454–6464.
1. Mendell, J.T., Sharifi, N.A., Meyers, J.L., Martinez-Murillo, F.,
and Dietz, H.C. (2004). Nonsense surveillance regulates ex-
pression of diverse classes of mammalian transcripts and
mutes genomic noise. Nat. Genet. 36, 1073–1078.
2. Moriarty, P.M., Reddy, C.C., and Maquat, L.E. (1998). Selenium
deficiency reduces the abundance of mRNA for Se-dependent
glutathione peroxidase 1 by a UGA-dependent mechanism
likely to be nonsense codon-mediated decay of cytoplasmic
mRNA. Mol. Cell. Biol. 18, 2932–2939.
3. Welch, E.M., and Jacobson, A. (1999). An internal open reading
frame triggers nonsense-mediated decay of the yeast SPT10
mRNA. EMBO J. 18, 6134–6145.
4. Ruiz-Echevarria, M.J., and Peltz, S.W. (2000). The RNA binding
protein Pub1 modulates the stability of transcripts containing
upstream open reading frames. Cell 101, 741–751.
5. Pulak, R., and Anderson, P. (1993). mRNA surveillance by the
Caenorhabditis elegans smg genes. Genes Dev. 7, 1885–1897.
6. Cali, B.M., and Anderson, P. (1998). mRNA surveillance miti-
gates genetic dominance in Caenorhabditis elegans. Mol. Gen.
Genet. 260, 176–184.
7. Mighell, A.J., Smith, N.R., Robinson, P.A., and Markham, A.F.
(2000). Vertebrate pseudogenes. FEBS Lett. 468, 109–114.
8. He, F., Li, X., Spatrick, P., Casillo, R., Dong, S., and Jacobson,
A. (2003). Genome-wide analysis of mRNAs regulated by the
nonsense-mediated and 5# to 3# mRNA decay pathways in
yeast. Mol. Cell 12, 1439–1452.
9. Cali, B.M., Kuchma, S.L., Latham, J., and Anderson, P. (1999).
smg-7 is required for mRNA surveillance in Caenorhabditis ele-
gans. Genetics 151, 605–616.
0. Hodgkin, J., Papp, A., Pulak, R., Ambros, V., and Anderson, P.
(1989). A new kind of informational suppression in the nema-
tode Caenorhabditis elegans. Genetics 123, 301–313.
1. Nagy, E., and Maquat, L.E. (1998). A rule for termination-codon
position within intron-containing genes: When nonsense af-
fects RNA abundance. Trends Biochem. Sci. 23, 198–199.
2. Cheng, J., and Maquat, L.E. (1993). Nonsense codons can re-
duce the abundance of nuclear mRNA without affecting the
abundance of pre-mRNA or the half-life of cytoplasmic mRNA.
Mol. Cell. Biol. 13, 1892–1902.
3. Zhang, J., Sun, X., Qian, Y., and Maquat, L.E. (1998). Intron
function in the nonsense-mediated decay of beta-globin
mRNA: Indications that pre-mRNA splicing in the nucleus can
influence mRNA translation in the cytoplasm. RNA 4, 801–815.
4. Zhang, J., and Maquat, L.E. (1996). Evidence that the decay of
nucleus-associated nonsense mRNA for human triosephos-
phate isomerase involves nonsense codon recognition after
splicing. RNA 2, 235–243.
5. Tycowski, K.T., and Steitz, J.A. (2001). Non-coding snoRNA
host genes in Drosophila: Expression strategies for modifica-
tion guide snoRNAs. Eur. J. Cell Biol. 80, 119–125.
6. Harrison, P.M., and Gerstein, M. (2002). Studying genomes
through the aeons: Protein families, pseudogenes and pro-
teome evolution. J. Mol. Biol. 318, 1155–1174.
7. Harrison, P.M., Echols, N., and Gerstein, M.B. (2001). Digging
for dead genes: An analysis of the characteristics of the pseu-
dogene population in the Caenorhabditis elegans genome. Nu-
cleic Acids Res. 29, 818–830.
mRNA Surveillance of Expressed Pseudogenes
96728. Frischmeyer, P.A., and Dietz, H.C. (1999). Nonsense-mediated
mRNA decay in health and disease. Hum. Mol. Genet. 8,
1893–1900.
29. Torrents, D., Suyama, M., Zdobnov, E., and Bork, P. (2003). A
genome-wide survey of human pseudogenes. Genome Res.
13, 2559–2567.
30. Balakirev, E.S., and Ayala, F.J. (2003). Pseudogenes: Are they
“junk” or functional DNA? Annu. Rev. Genet. 37, 123–151.
31. Trabesinger-Ruef, N., Jermann, T., Zankel, T., Durrant, B.,
Frank, G., and Benner, S.A. (1996). Pseudogenes in ribo-
nuclease evolution: A source of new biomacromolecular func-
tion? FEBS Lett. 382, 319–322.
32. Borson, N.D., Salo, W.L., and Drewes, L.R. (1992). A lock-dock-
ing oligo(dT) primer for 5# and 3# RACE PCR. PCR Methods
Appl. 2, 144–148.
Accession Numbers
Previous pseudogene structure predictions are incorrect or incom-
plete; correctly annotated sequences have been submitted under
the following accession numbers: AY957632 (F45D11.2); AY957633
(F45D11.3); AY957634 (F45D11.4); AY957635 (ubq-3ps); AY957636
(ubq-4ps); AY957637 (cbp-2ps); and AY957638 (rpl-7aps).
